The availability of fast and accurate procedures for ethanol determination in alcoholic beverages is important for process control in the brewing and wine industries. Knowledge of the ethanol concentration is required to verify the effectiveness of the sugar fermentation, to check if its level is lower than the legal limit, and to confirm the sensorial reaction. 1, 2 Methods currently employed for ethanol determination in beverages are based on specific gravity 3, 4 , dichromate titration 3, 4 and chromatography. 5, 6 Flow injection procedures exploiting gas diffusion 7, 8 or pervaporation 9 have also been proposed. In this context, use of a semipermeable membrane between two liquid streams, one of them containing a volatile chemical species, is an efficient way to remove the analyte from the sample matrix. 10 With this approach, the cumbersome step of clean-up is avoided.
A common feature of the flow systems exploiting gas diffusion [7] [8] [9] is the presence of a membrane sheet nested between donor and acceptor streams. Motomizu and coworkers demonstrated that versatility and robustness of the system are improved by using a PTFE membrane with a tubular configuration. 11 The strategy was applied to analysis of environmental samples 12, 13 , and is attractive for ethanol determination in beverages in view of the characteristics of the sample, the volatility of ethanol, the availability of a suitable spectrophotometric method 14 , and the need for a fast analytical procedure for samples in natura.
The main purpose of the present work was then to develop a simple, fast and low-cost automated procedure for ethanol determination in distilled potable spirits and wines by exploiting the concentric tubing approach. A concentric tubing reactor comprising an inner silicone tube and an outer polyethylene tube was assembled in the manifold. The number of potential interferants is then restricted by molecular size, and permeation and chemical reaction are allowed to occur along the entire analytical path, thus improving analytical sensitivity and system versatility.
Experimental

Apparatus
The system comprised a Model 432 Femto spectrophotometer equipped with a tubular flow-cell (optical path 12 mm, inner volume ca. 120 µl), a Kipp & Zonen BD111 strip-chart recorder, a Model IPC-8 Ismatec peristaltic pump furnished with Tygon pumping tubes, a home-made injector 15 , a NT245 water bath, T-shaped Perspex connectors, and 0.8 mm i.d. polyethylene tubing of the non-colapsable wall type. The concentric tubing reactor ( Fig. 1 ) was build up with 0.8 mm i.d./0.1 mm thick silicone and 1.5 mm i.d./0.5 mm thick polyethylene tubes, and was assembled by inserting the silicone into the polyethylene tube, and tightly fixing the ends in the Perspex connector in order to avoid fluid leakage.
Reagents, standards and samples
All solutions were prepared with distilled water and pro analisi substances.
Reagent R (Fig. 2 ) was a 0.15 mol l -1 potassium dichromate plus 6.0 mol l -1 sulfuric acid solution stored in an amber bottle. Working standard solutions within 0.0 and 50.0%(v/v) ethanol were freshly prepared by dilution of the concentrated ethanol stock (96.2%(v/v)) with water. Distilled spirits (cachaça, vodka, cognac) and wines (red, white, rose) were purchased from local shops.
The flow injection system
The sample was injected into the flow system (Fig. 2 ) by means of a 100-cm (ca. 500 µl) sampling loop and pushed by its carrier stream through the outer tube towards waste. During passage of the sample zone through the concentric tubing reactor, ethanol permeated towards the acceptor stream flowing through the silicone tube. The permeated ethanol reacted with Cr(VI) under acidic conditions, yielding Cr(III) which was monitored at 600 nm. Passage of the processed sample through the flow cell produced a transient absorbance which was recorded as a peak with height proportional to ethanol concentration in the sample.
Because temperature affects the ethanol permeation and dichromate reduction rate 9, 14 , the concentric tubing reactor was immersed into the water bath. A 50-cm transmission line was placed between the reactor and the spectrophotometer in order to improve mixing and avoid heating of the flow cell. Nevertheless, contribution of this line to analyte dispersion was not significant under the proposed operational conditions.
Results and Discussion
Design of the flow system
The flow injection system in Fig. 2 , with 0.0 -50.0 %(v/v) ethanol standard solutions, was employed to investigate the influence of acceptor and donor stream flow rates, permeation direction, temperature, dichromate concentration and acidity of the reaction medium.
Optimization of these parameters was performed by the univariate method.
Influence of the acceptor stream flow rate on the analytical signal was investigated by varying it from 0.25 to 3.00 ml min -1 in increments of 0.25 ml min -1 , and maintaining the donor stream at 1.00 ml min -1 . Analogous experiments were carried out to investigate the effect of variations of the donor stream flow rate, the acceptor stream flow rate being maintained at 1.00 ml min -1 . It was observed that flow rates of both acceptor and donor streams play a critical role in the separation efficiency.
Reducing the acceptor stream flow rate increased the recorded peak heights, as a result of the longer time available for contact of the potassium dichromate/permeated ethanol. Moreover, the entire volatile zone was collected in a lower pseudo volume. 16 In fact, when the acceptor stream flow rate was decreased from 1.00 to 0.25 ml min -1 , the recorded peak height almost doubled. A similar but opposite effect was noted by selecting an acceptor stream flow rate higher than the donor one. In the present procedure, therefore, separation efficiency and sensitivity could be altered by changing the acceptor stream flow rate. However, in spite of this beneficial effect, this rate could not be reduced at will to avoid an unacceptable low sampling rate. The flow rate of the acceptor stream was then fixed as 1.00 ml min -1 . Reducing the donor stream flow rate increased the recorded peak height because of the increased available time for the permeation process but, again, sampling rate deteriorated. In all tested instances, the response was analogous to the acceptor stream, e.g. when the donor flow rate was fixed as 0.25 ml min -1 , the recorded peak height was 50% higher relatively to 1.00 ml min -1 . Moreover, only a few samples could be run per hour. To circumvent this drawback, the donor stream flow rate was selected also as 1.00 ml min -1 . Permeation direction was investigated by replacing C by R (Fig. 2) and vice versa, so that ethanol could cross the membrane in both directions. Direction of ethanol permeation was not a relevant factor, as only slight variations in peak heights (<5% for 10.0 -30.0%(v/v) 1006 ANALYTICAL SCIENCES OCTOBER 1998, VOL. 14 ethanol) were observed when the C and R streams were interchanged. Influence of the temperature was investigated within the 25 -90˚C range. In order to study the mass-transfer efficiency through the silicone tube wall, a 20.0%(v/v) ethanol solution was used as C carrier stream (Fig. 2) . The steady state recorded signal was compared with that related to the non-permeated ethanol which was evaluated by collecting a 30-ml aliquot of the 20.0 %(v/v) ethanol solution leaving the concentric tubing reactor, and processing it again. For this task, the depleted solution was placed again as C.
The mass-transfer efficiency at 25˚C was calculated as 5%; it increased with temperature so as to determine a higher ethanol permeation. In fact, when the concentric tubing reactor was immersed into the water bath at 80˚C, the signal related to 10.0%(v/v) ethanol underwent a 3-fold increase relative to that at 50˚C (Fig. 3) . The mass-transfer improved with temperature and also with ionic strength of the donor stream: when a 40.0% (v/v) ethanol plus 6.0 mol l -1 LiCl solution was injected and the water bath temperature was 25˚C, an increase in almost 60% relative to the same ethanol concentration in water was observed. Although ionic strength proved to be a relevant factor, LiCl addition was not used further because the sensitivity was already satisfactory. It should be stressed that the temperature could not be raised beyond 80˚C: for higher temperatures, gas bubbles inside the stream reaching the flow cell were eventually formed, impairing detection, and tubing deformation was noted after long-term usage.
Influence of reagent concentrations was studied by varying both potassium dichromate (0.05, 0.15, 0.3 mol l -1 ) and sulfuric acid (3.0, 6.0, 8.0 mol l -1 ) concentrations. Concentration of potassium dichromate was not relevant, as it was always in large excess relative to that of ethanol. Therefore, variations in this concentration from 1.0 to 2.0 mol l -1 resulted in slight variations in recorded peaks, usually <10%, demonstrating the quantitative consumption of dichromate under the present conditions (0.0 to 50.0%(v/v) ethanol). Moreover, an increase in the potassium dichromate concentration represented an increase in the amount of sulfuric acid required to maintain the CrO 4 2-/Cr 2 O 7 2-equilibrium, impairing the performance of the flow system. Therefore, a 0.1 mol l -1 potassium dichromate plus a 6.0 mol l -1 sulfuric acid solution was selected as the acceptor stream.
The study of potential interferants was focused on those commonly present in wine samples. 17 The low interferant-to-analyte ratio found in the literature and the use of silicone as a semi-permeable membrane, permeating mainly by molecular size, restricted the number of potential interferants. Even at low concentrations, the short chain alcohols and aldehydes, at the mg l -1 level, caused only slight (<1%) interferences. Sulfide and other ions commonly present in wines and distilled potable spirits did not interfere.
Applications
After dimensioning, the flow-injection system was applied to analysis of distilled potable spirits and wines, with the water bath temperature adjusted to either 50 or 80˚C, respectively. For both situations the long term system stability was evaluated by injecting different samples during 4-h working periods. System robustness was emphasized after these experiments, as no significant variation in the baseline was noted. After large scale analysis of red wine samples, a reddish color was observed on the inner tube walls after about two hours of operation, but the effect did not alter either baseline or the results. Linear calibration equations, for 50 and 80˚C (Fig. 3) , were obtained by leastsquare regression. With n=5, typical regression coefficients were 0.9992 and 0.9998 respectively. With the proposed systems, about 20 samples could be analyzed per hour, which means 130 mg of potassium dichromate per determination. Sampling rate could be improved by reducing the mean available time for ethanol oxidation. This aspect is particularly important when sensitivity is not critical. Considering the low cost of the proposed system, this sampling rate was satisfactory for large scale analysis and/or for quality control of beverages. Regarding wine analysis (5.0 -20.0 %(v/v) ethanol), sample clarification was not required since the sample was injected in natura. The detection limit based on the 3σ ratio was estimated as 0.5%(v/v). For a typical wine sample with an ethanol content of 1007 ANALYTICAL SCIENCES OCTOBER 1998, VOL. 14 11.8%(v/v), the relative standard deviation of seven results was calculated as 3.5%. Accuracy was assessed by running five samples already analyzed by gas chromatography, and only slight differences in results obtained by the different methods were found (Table 1) . No statistical differences between techniques at the 95% confidence level were found. Regarding ethanol determination (25.0 to 50.0%(v/v)) in potable distilled spirits, precision was estimated with a typical Brazilian spirit (cachaça) with a 40.3%(v/v) ethanol content, and accuracy was checked as above. Similar characteristics of system stability and measurement precision were observed with the system for distilled potable spirits. For a typical sample with an ethanol content of 40.3%(v/v), the relative standard deviation of seven results was estimated as 3.7%.
The concentric tubing reactor constitutes an efficient tool to perform automated analysis in a simple, rapid and robust way. It is suitable for on-line monitoring of ethanol in real fermentation plants. The proposed setup is simple in conception and can be exploited for other volatile species. The absence of membrane sheets or chambers, usually employed in flow systems involving gas-diffusion and/or dialysis, represents a low-cost proposal and an improved performance. The recorded peak shows the typical shape inherent to flow injection analysis; the large trailing edge associated with the presence of a diffusion chamber in the analytical path is not observed.
In situ analysis is feasible, increasing the capacity of laboratories devoted to large scale analysis, and representing an alternative to the chromatographic analysis usually required for beverage control quality.
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